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Abstract
Amorphous silicon thin films based solar cells have a low efficiency comparing to
the conventional poly-crystalline silicon wafer based solar cells. To overcome the
efficiency limitation, the attempt to crystallize the amorphous silicon thin layers
deposited by Plasma enhanced chemical vapor deposition (PECVD) on glass is
investigated. the crystallization process is based on zone-melting technology and
called liquid phase crystallization (LPC). Raman spectroscopy is used to analyze
the properties of the silicon thin layers that is deposited by PECVD process and
crystallized by LPC process; for better understanding of these processes. The
present thesis provides the possibility of engaging Raman spectroscopy as a char-
acterization method with MATLAB software as the analysis tool to investigate the
properties of thin silicon precursor layers for liquid phase crystallized solar cells.
The exported data after analysis has been plotted into two different categories;
depth profiling as well as two-dimensional mapping. The first category includes
three samples deposited on glass by plasma enhanced chemical vapour deposi-
tion with different deposition parameters (e.g.: silane concentration, rf power, and
pressure) to investigate the influence of these parameters on having amorphous or
micro-crystalline structure, as well as hydrogen content and micro-structure pa-
rameters. The first sample has a µc-Si structure with crystallinity changing with
depth. The other two samples have a-Si structures. All samples have nearly a
constant hydrogen content and micro-structure parameters with depth. Then, the
amorphous samples have been annealed to investigate the influence of annealing
on the structural order and hydrogen diffusion. The first one is thermally un-
stable, only 0.50µm remains on glass after annealing. While the other is stable
and the whole thickness remains unchanged during annealing. All hydrogen has
been diffused in both samples. Raman spectroscopy is a useful technique to create
data that can be plotted as depth profiles for the crystallinity, structural order,
hydrogen content, and micro-structure parameters for PECVD deposited precur-
sors; hence gives a better understanding of the changes in these properties with
depth. PECVD parameters of the last sample (SiH4 flow rate of 6 sccm, H2 flow
rate of 12 sccm, pressure of 1 mbar, rf power of 25 W, and heater temperature of
450 oC) have been taken as the standard, since they deposit an a-Si structure, that
is thermally stable after annealing among all samples. The second section includes
one sample, which has been deposited by electron beam deposition, cut into five
small samples, and then crystallized by liquid phase crystallization with different
crystallization parameters (e.g.: laser scan speed and power) to investigate the
influence of these parameters on stress inside the crystallized precursors. Three
2D maps have been taken in grain boundaries, where c-Si peak is shifting to lower
wavenumbers; hence a tensile stress behavior along grain boundaries is mapped.
Two 2D maps have been taken in the middle of a crack, where the stress behav-
ior is varied between a tensile stress on one side of the crack and a compressive
stress on the other side. The last 2D maps have been taken at a crack tip, where
the crack starts at the surface but does not continue with depth. higher tensile
stress has been mapped from the glass side, which does not reach its threshold
value to form the crack yet. Raman spectroscopy is a helpful tool in investigate
the stress resulted in LPC-Si precursors for better understanding of LPC process.
LPC parameters of the first sample (red laser beam of 808 nm wavelength, sub-
strate temperature of 510 oC, laser speed of 1 mm/s, and power of 45 W) have been
taken as the standard, since they produce a non-cracked precursor with minimum
number of grain boundaries among all samples.
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Chapter 1
Introduction
Solar cells have been well known as one of the renewable resources in the energy
industry for a long time. According to the Photovoltaic Report 2018, the annual
growth rate of solar cells installation reached 24 % between 2010 and 2017. Mono-
crystalline silicon wafer based solar cell is the most extensively researched solar cell
technology in the energy market, with a share of 93 % of total solar cells in 2017.
These solar cells recorded a lab efficiency of 26.7 %.[1] Despite the fast growth
of these solar cells, their production cost remains rather high. To overcome this
limitation, thinner layers of silicon (about 10 % of wafer’s thickness) have been
proposed to be deposited on low-cost glass substrates via gas phase. Solar cells
based on this concept are called thin film based solar cells [2, 3].
Thin silicon film based solar cells are known as part of the so-called second gen-
eration of solar cells, where thin silicon layers (e.g.: amorphous (a-Si:H), micro-
crystalline (µc-Si:H)) are deposited on glass by Plasma Enhanced Chemical Vapor
Deposition [2], Hot Wire Chemical Vapor Deposition and other techniques, in a
thickness ranges between (5-20)µm. These thin silicon film based solar cells have
a very low production cost, but also have much lower efficiency (around 11 %) than
silicon wafer based solar cells. Hence their total share in the PV market remains
only around 5 %.[1] To overcome the efficiency limitation and make thin solar cells
more competitive to conventional silicon wafers; the attempt to crystallize thin sil-
icon layers and have poly-crystalline silicon thin films looks very promising, known
as liquid phase crystallization (LPC) [4, 5].
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Liquid phase crystallization have a high potential to produce large-grains silicon
layer on cheap glass by using an energy source. This process depends on zone-
melting technology. In 1960s, zone melting technology was investigated for the
growth of low-melting point semiconductors such as Ge, but failed with silicon.
[4] The interest in this technology renewed lately by different research groups in
the field of photovoltaics in Germany [5–7] and Australia [8]. The idea was first
introduced by Helmholtz-zentrum Berlin in 2009 [5]. The work on this technology
is done jointly between Helmholtz-zentrum Berlin and Forschungszentrum Ju¨lich
GmbH. Past investigation has been done to select the glass substrate as well as the
design of the intermediate layer [3, 9]. Further investigations are still ongoing to
select the deposition technique and LPC process that will give high quality poly-
crystalline silicon on glass, and increase the open circuit voltage and efficiency
[5].
In the Institute of Energy and Climate Research Photovoltaics (IEK-5) at Forschungszen-
trum Ju¨lich GmbH, the research group Laser Processes and Module Technology
is working to modify and optimize material properties of all layers used in typical
thin silicon film based solar cells, also to investigate and optimize the required
laser processes e.g. the selective laser ablation of the front contact, absorber and
back contact. One of the group’s goals is to investigate the possibility of producing
poly-crystalline silicon precursors by liquid phase crystallization; to improve the
film’s crystallinity. [6]
The main focus of the present thesis is to develop different techniques using Raman
spectroscopy as a characterization method and MATLAB software as the analysis
tool to gain detailed information about the properties of the precursors before and
after crystallization. This thesis is divided into two sections, the first section deals
with the investigation of properties of amorphous and micro-crystalline silicon
layers after PECVD deposition and before crystallization. While the other section
concerns with the investigation of properties of crystallized silicon layers after the
crystallization process.
Chapter 2 briefly introduces the basic knowledge about plasma enhanced chemical
vapor deposition, liquid phase crystallization, silicon structures, and Raman spec-
troscopy. Chapter 3 describes the preparation process of the two different sets of
samples and the methods used for measuring Raman spectra in the lab for both.
Chapter 4 presents the data analysis procedure and calculations that have been
taken by MATLAB software for both sections. Chapter 5 introduces and discusses
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the results coming out from the different samples. Finally, chapter 6 summarizes
the main results of this thesis.
Chapter 2
Fundamentals and Basics
In this chapter, plasma enhanced chemical vapour deposition (PECVD), liquid
phase crystallization process (LPC), and Raman spectroscopy are introduced in
detail. The different silicon structures are also presented.
2.1 Plasma Enhanced Chemical Vapour Deposi-
tion
Plasma enhanced chemical vapour deposition (PECVD) is used to deposit thin
silicon layers (e.g.: amorphous (a-Si:H) and micro-crystalline (µc-Si:H)) on glass
by chemical reactions initiated by high energy plasma. Chemical vapour deposition
was first introduced in the mid-60s and developed very fast over the years. [10]
More literature about CVD in general, and PECVD in particular can be found in
[10].
Figure 2.1 shows a schematic of a PECVD chamber. The chamber has two parallel
electrodes; one is grounded while the other is connected to a radio frequency
generator. The glass is placed on the grounded electrode, which is also connected
to a heater. Mono-silane gas (SiH4) is mixed with hydrogen gas (H2) before folwing
into the chamber between the two electrodes. The coupling excites the mixed gases
into a high energy plasma by the radio frequency power, and the reaction products
(Si, SiH, SiH2, and SiH3) diffuse towards the glass substrate to form a thin layer.
[2, 10]
4
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Figure 2.1: Schematic image of PECVD chamber. The chamber has two
electrodes, one is connected to rf generator while the other is grounded and
connected to a heater, the glass is placed on the grounded electrode.
2.2 Liquid Phase Crystallization
Liquid phase crystallization (LPC) is based on zone-melting technology; in which,
rapid melting of silicon (e.g.: amorphous or micro-crystalline) is introduced to
produce high-quality poly-crystalline silicon layers directly on glass by using an
electron or a laser beam. Figure 2.2 shows a schematic image of the laser LPC
process. A line-shaped continuous wave laser beam is focused on the thin film and
used as a heat source to crystallize the thin layer and produce a poly-crystalline
silicon layer on glass. [3, 4, 9]
The laser beam with a suitable wavelength starts scanning the sample and locally
melts the silicon. Silicon cools down below the melting point and solidifies rapidly
after the laser moves away. The nucleation of small grains starts, which grow
laterally in the same direction of the scanning laser beam. Grains can reach a size
of millimeters or centimeters in some cases after the crystallization. Their sizes
depend on the selected laser scan speed and power, which should be high enough
to produces grains; but also low enough to prevent crack formation. [3, 4, 9, 11]
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Figure 2.2: Schematic image of LPC process after J. Haschke et al. 2016 [9].
A laser beam is focused on a thin film to melt the silicon layer (a-Si or µc-Si)
on glass, and produce ploy c-Si structure.
2.3 Raman Spectroscopy
Raman spectroscopy is a non-destructive spectroscopic method, based on the in-
elastic scattering of monochromatic light. It is used to investigate vibrational
phonon modes of matters. It was first demonstrated by the Indian scientist Sir
C.V. Raman, who observed the effect on an organic liquid by the mean of sunlight
experimentally. More literature can be found in [2, 12].
Figure 2.3 shows the schematic image of the three possible cases of light scattering.
When a monochromatic incident light interacts with a material, the largest part
of the light is scattered elastically without any energy exchange between the light
and the electron, and the scattered photon has the same wavelength as before
scattering. This interaction is known as Rayleigh scattering. However, a very
small fraction of the incident light scatters inelastically. The scattered light can
have a higher or lower wavelength according to the initial state of the electron.
This phenomenon is well known as Raman effect. [12, 13]
By this energy exchange, a phonon is excited or annihilated. If the scattered light
has lower energy than the incident light, a phonon is excited and known as Stokes
shift. By contrast, if the scattered light has higher energy, a phonon is annihilated
and known as Anti-Stokes shift. The frequency shift between the incident and
scattered lights is called Raman shift k and measured in relative wavenumber.
[2, 12]
Fundamentals 7
Figure 2.3: Schematic image of light scattering cases after Nanophoton 2016
[12]. a) Rayleigh scattering: No energy exchange b) Stokes shift: A phonon is
excited c) Anti-stokes shift: A phonon is annihilated.
The vibrational spectrum of a molecule is composed of bands representing some
active normal vibrations. The spectrum depends on the masses of the atoms in
the molecule, the strength of their chemical bands and the atomic arrangement.
Crystal lattice vibrations and other motions of extended solids are Raman-active.
[14]
A simple classical electromagnetic field description of Raman spectroscopy can be
used to explain the important features of Raman band intensities. The dipole
moment (D) induced in a molecule by an external electric field (E) is proportional
to the field [14], as in the following equation:
D = αiE (2.1)
The proportionality constant (αi) is the polarizability of the molecule. The polar-
izability measures the ease with which the electron cloud around a molecule can be
distorted. The induced dipole emits or scatters light at the optical frequency of the
incident light wave. Raman scattering occurs because a molecular vibration can
change the polarizability. The change is described by the polarizability derivative
(dαi
dQ
), where Q is the normal coordinate of the vibration. [14] The selection rule
for a Raman-active vibration is:
dαi
dQ
6= 0 (2.2)
The Raman selection rule is analogous to the more familiar selection rule for an
infrared-active vibration, which states that in order for a vibration to be Raman-
active, there must be a change in polarizability during the vibration [12, 14].
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The Raman spectrum is a unique fingerprint of matter, where a particular peak
originates due to specific lattice vibration. [12] Raman spectra of different silicon
structures and the difference between them are discussed in the following two
sections.
2.4 Raman Spectra for Silicon Structures
Silicon atoms have a certain structural arrangement in the lattice space, but can be
slightly different in the periodic order in long, medium, and short ranges between
amorphous, crystalline, and micro-crystalline structure. This difference can be
clearly visible in Raman spectra. Each structure has a unique Raman spectrum.
In case of an amorphous silicon structure, the atoms are arranged in a tetrahedral
structure with non-uniform bond angles between them. The atoms lose their
periodic order in long range, as illustrated in figure 2.4 a). But still, a certain
bond angle between neighbouring atoms remains in short and medium ranges.
Short range order (SRO) has a length scale between (2-5) A˚. Higher value leads
to a higher order in SRO areas. Medium range order (MRO) has a length scale
between (5-20) A˚. It indicates how the tetrahedrons are twisted against each other.
Note that in this case, not all of the silicon bonds are saturated leading to defect
states within the band gap. These unsaturated bonds are known as dangling
bonds. [15]
Figure 2.5 shows a typical Raman spectrum for a-Si structure for Si-Si bonds. Four
Figure 2.4: Schematic image of a) a-Si structure: Non-uniform length and
bond angles between atoms b) c-Si structure: Uniform length and bond angles.
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vibrational phonon 1modes are Raman active in the region between 100 cm−1 and
600 cm−1. The intensities of these modes can be used to correlate MRO, as in
equation 2.3. [16, 17]
MRO =
ITO
ITA
(2.3)
Figure 2.5: Typical Raman spectrum of an in a-Si structure. The four vibra-
tion modes (TO, LO, LA, and TA modes) are Raman active.
Where ITO is the integrated intensity of TO mode centered at 480 cm
−1 and ITA
is the integrated intensity of TA mode centered at 140 cm−1. For SRO, the width
of TO mode is only needed as in equation 2.4, where ∆ θB is SRO and ωTO is the
full width of the TO mode.[16, 17]
∆θ =
ωTO − 15
6
(2.4)
In case of crystalline silicon, the atoms have a diamond structure with two cubic
face-centered unit cell, where uniform bond angles of 109.5 o are noticed between
atoms. The unit cell is repeated periodically in the long range, as illustrated in
figure 2.4 b). [4] As in figure 2.6, a typical Raman spectrum of vibrational phonon
modes for c-Si structure shows that TO mode is the only Raman active mode
centered at 520 cm−1.
1According to the phonon dispersion curve of silicon [16], four vibrational modes of a phonon
are introduced, known as [TO mode: Transversal Optical mode, TA mode: Transversal Acoustics
mode, LO mode:Longitudinal Optical mode, LA mode: Longitudinal Acoustics mode].
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Figure 2.6: Typical Raman spectrum of a c-Si structure. TO mode is the only
Raman active mode.
Stress leads to a shift of the TO mode away from 520 cm−1. This method can be
used to investigate stress inside the crystallized silicon materials. Equation 2.5
is used, where σ is the bi-axial stress in MPa and ∆k is Raman shift difference
in cm−1. As illustrated in figure 2.7, a peaking shifts above 520 cm−1 indicates
a compressive stress inside the structure, while a peak shifting below 520 cm−1
indicates a tensile stress. [12, 18, 19]
σ = 250 ∗ (∆k) (2.5)
Figure 2.7: Raman spectra of TO mode of a c-Si structure. Higher Raman
shift leads to compressive stress (red peak), while lower Raman shift leads to
tensile stress (blue peak).
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A mixture between amorphous and crystalline phases is known as micro-crystalline
or nano-crystalline silicon structure. Figure 2.8 shows the transition between amor-
phous and crystalline phases. From right to left, the structure changes from fully
amorphous to fully crystalline. In between, degree of crystallinity within the struc-
ture is increased in the same direction of the arrow. Composition can be gradually
changed by changing the deposition parameters. [2, 17, 20]
Figure 2.8: Schematic image of µc-Si structure [20]. From right to left, crys-
tallinity changes from fully amorphous to fully crystalline structure, degree of
crystallinity is increasing in the same direction of the arrow.
Figure 5.1 shows a typical Raman spectrum for a µc-Si structure, where TO mode
is the only Raman Active mode, with a signal in the region between 400 cm−1 and
600 cm−1. This signal can be fitted into three Gaussian peaks. To quantify the
degree of crystallinity (Xc), equation 2.6 is used [21]. Where Ic is the integrated
intensity for the crystalline phase centered at 516 cm−1 (not at 520 cm−1 like the
fully crystalline structure), Ia is the integrated intensity for the amorphous phase
centered at 480 cm−1, and It is the integrated intensity for the transition phase
between them centered at 500 cm−1. [21]
Xc =
Ic + It
Ic + Ia + It
(2.6)
Fundamentals 12
Figure 2.9: Typical Raman spectrum of a µc-Si structure. TO is the only
Raman active mode, with a signal fitted into three Gaussian peaks; one for a-Si
phase (green peak), the second for c-Si phase (blue peak), while the third for
the transition phase between them (red peak).
2.5 Raman Spectrum for Hydrogenated Struc-
ture
Hydrogen and mono-silane are deliberately added in the gas mixture during the
PECVD process. Therefore, hydrogen atoms are present in the resulted amor-
phous or micro-crystalline silicon structures. Hydrogen is necessary to saturate
the dangling bonds and reduce the defect density in the resulted structure. The
dangling bonds in silicon atoms are bonded with hydrogen atoms in either single
bonds as Si-H or double bonds as Si-H2, as illustrated in figure 2.10. Si-H bonds
are correlated to compact a-Si:H structures, while Si-H2 bonds are correlated to
void rich a-Si:H structures. The relation between the two bonds (as in equation
2.7) is known as micro-structure parameters (RSiH).[16, 22]
Figure 2.10: Schematic image of a-Si:H structure. dangling bonds are bonded
to one or two atoms of hydrogen, dangling bonds are saturated with hydrogen
atoms.
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Figure 2.11 shows a typical Raman spectrum for Si-H vibrational phonon modes
in the region between 1850 cm−1 and 2250 cm−1. To quantify RSiH , equation 2.7
is used, where IH2000 is the integrated intensity of Si-H phonon mode centered at
2000 cm−1 and IH2100 is the integrated intensity of Si-H2 phonon mode centered
at 2100 cm−1. [15, 23]
RSiH =
IH2100
IH2000 + IH2100
(2.7)
Figure 2.11: Typical Raman spectrum for Si-H vibrational modes in both
a-Si:H and µc-Si:H structures. The signal is fitted into two Gaussian peaks,
one for Si-H at 2000 cm−1 (red peak), the second for Si-H2 at 2100 cm−1 (green
peak).
2.6 Raman Setup
As illustrated in figure 2.12, a typical single monochromatic Raman setup has
a laser source, a microscope, a single grating monochromator, and a detector.
A camera is also attached to the microscope for optical observation. The Raman
microscope has lenses of different objectives to focus the laser source on the sample.
Once the sample is illuminated, some of the light is scattered back. This scattered
light passes through the objective into two edge filters to reduce the scattered light
by a factor of 1012; so it does not damage the detector. The monochromator has a
grating with a groove density of 1800 mm−1 which is used to disperse the scattered
light. Finally, the monochromator is attached to a silicon-CCD detector.[13] The
detailed parameters and the experimental procedure using this setup are discussed
in section 3.2.
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Figure 2.12: Schematic image of single monochromatic Raman Setup. A blue
laser hits the sample and scatters, then filters by two edge filters before entering
a monochromator, where the light is dispersed by a grating, then detected by
Si-CCD camera
Figure 2.13 shows a schematic image of the double monochromatic Raman setup.
The setup has the same configuration as the single monochromatic; the only dif-
ference is that the monochromator has two gratings. The scattered light is passed
through the two gratings in series, so it is dispersed more to have a higher reso-
lution signal. The detailed parameters and the experimental procedure using this
setup are discussed in section 3.3.
Figure 2.13: Schematic image of double monochromatic Raman Setup. Two
gratings are installed in series to disperse the scattered light twice.
Chapter 3
Experiments
In this thesis, two different sets of samples have been investigated by Raman
spectroscopy. The first set of samples before crystallization has been used for
depth profiling, while the second set after crystallization has been used for two
dimensional mapping. In this chapter, the complete process including samples
preparation and measuring Raman spectra are presented in detail.
3.1 Substrate Preparation
Samples on both sets were fabricated on 1.1 mm Corning Eagle XG substrate
[24]. It was chosen since its thermal expansion matches the thermal expansion of
silicon. Next, an inter-mediated layer was deposited on glass. This layer acts as a
diffusion barrier since the impurities from the glass can diffuse into the silicon layer
during the crystallization. A sequence of 200 nm SiO2/ 80 nmSiNx/200 nmSiO2
was deposited by PECVD on top of glass, then annealed to diffuse all hydrogen
out. Note that past experiments were done to have the best sequence for this
layer, which is not within the context of this thesis.
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3.2 Raman Measurement for Depth Profiling
3.2.1 Samples Preparation
For the first set, three 2x2 cm2 sized samples have been prepared using PECVD
technique with different deposition conditions (e.g. silane concentration, radio
frequency (rf) power, and pressure). These parameters are summarized in Table
3.1. Variation of these parameters influences the micro-structure of the films (e.g.
amorphous or micro-crystalline).
The first sample has a µc-Si:H layer with a thickness of 2µm, while the other two
samples have a-Si layer with 4.5µm thickness each. The heater has been set at
450 oC for all depositions. Structural order, Hydrogen content, and micro-structure
parameters have been investigated by Raman spectroscopy for these samples.
Table 3.1: PECVD deposition process summary
Sample
Number
SiH4 flow
rate [sccm]
H2 flow
rate [sccm]
Silane
Concentra-
tion SC
[%]
Pressure p
[mbar]
rf Power P
[W]
1 12 60 83 0.50 90
2 12 228 95 6 90
3 6 12 66.66 1 25
Afterwards, an annealing step has been performed for the two amorphous sam-
ples by heating from room temperature to a temperature of 510 oC inside a high
vacuumed chamber for 30 minutes, then letting them cool down for two hours
before taking them out. The first amorphous sample is thermally unstable; only
0.50µm of the material remains on glass after annealing. It is not yet clear why
this thermal behaviour occurs in some samples, further investigation should be
done in the future which is not within the context of this thesis. The other sample
shows a stable behaviour in which the whole thickness remains unchanged during
annealing. The influence of annealing on the structural order, hydrogen content,
and micro-structure parameters have been similarly investigated for these samples
using Raman spectroscopy.
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3.2.2 Potassium Hydroxide Etching
Due to the low penetration depth of the blue laser in a-Si structures, wet chemical
etching has been used to etch a crater into the samples. The etching process
has been carried out with potassium hydroxide (KOH) with a concentration of
3 mol/L. During etching process, KOH reaction stops after some time; hence a
fresh KOH solution must be introduced during the etching. Finally, the sample
should be covered with a Petri dish the whole time to prevent water evaporation
during the etching. [23, 25]
To create a crater on each sample, first a single drop of KOH has been placed on
the surface and covered with the Petri dish for 10 minutes. Then, another KOH
drop has been added. After another 10 minutes, a crater has been formed and the
entire film has been etched until the glass substrate. The total time of 20 minutes
has been good enough to etch all samples. The etching is done with the following
reaction:
Si + 2 KOH + 4 H2O −−→ Si(OH)2 + 2 H2 + 4 OH + 2 K
3.2.3 Dektak Profilometer
The crater created by KOH etching has been then measured by Dektak profilome-
ter, which is a device with a tip of 12.5µm in diameter. The tip moves along
the surface to measure the topography of that surface. [26] It is important for
Raman scan to have a sidewall that is smooth with neither holes nor steeps [23]
over a horizontal length of more than 200µm for a thickness between 2-4.50µm
(as shown in figure 3.1 b)) to have enough points on the sidewall.
To find the position of the sidewall again in the Raman microscope, the edge of
the crater is marked with a nano-second laser of 1026 nm wavelength and 500 mW
power, as shown in figure 3.1 a). Another mark on the other side of the crater is
also needed to find the right orientation of the sample for the scan.
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Figure 3.1: a) Microscopic image of the edge of a crater: The crater is etched
by KOH, then the edge is marked with a laser mark to find the position again
in Raman microscope, b) Depth profile of the sidewall scanned by Dektak pro-
filometer: From right to left, the profile moves from the surface to substrate.
The hole on the right side is the laser mark at the edge of the carter as in a).
3.2.4 Measuring Raman Spectra
The single monochromatic Raman setup is used in this case (discussed in chapter
2). After mounting the sample on the microscopic stage and finding the laser
marks that give the right orientation of the desired sidewall for the scan by a 20x
objective lens, a blue laser beam with a wavelength of 488 nm, a power of 540µW,
a width of 1µm, and a length of 200µm is focused on the first laser mark by a
50x objective lens.
After measuring the length of the sidewall, the start and end points have been
selected so the scan starts before the edge of the crater and ends when reaching the
glass. The number of points and spacing between them depend on the scan length.
For the un-annealed and annealed amorphous silicon samples with a thickness of
around 4.50µm, 120 points with a spacing of 0.01 mm have been used. For the
micro-crystalline sample with a thickness of 2µm, 100 points with a spacing of
0.005 mm have been used. The 0.50µm annealed sample needed only 40 points
with a spacing of 0.0025 mm.
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Two measurements have been done for each point to produce two spectra. The
central grating positions are chosen at 509 nm and 535 nm; where the first spectrum
shows the characteristics of vibrational phonon modes for Si-Si bonds in the region
between 86 cm−1 and 1519 cm−1, while the second spectrum shows the character-
istics of vibrational phonon modes for Si-H bonds in the region between 1129 cm−1
and 2396 cm−1. These two spectra overlap in the region between 1129 cm−1 and
1519 cm−1, as shown in figure 3.2. During the analysis, the two spectra have been
combined to produce one spectrum that covers the full region of interest from
86 cm−1 to 2396 cm−1.
When the scan started, the laser source is fixed while the stage is moving auto-
matically in y-direction for the 120 points with the selected spacing. There is also
a gradient in the surface of the sample in the z-direction owing to the sidewall
created during KOH etching. The stationary laser source is not in focus with
depth during the measurement. This issue has been corrected during the analysis
by normalization. Each spectrum of the 240 spectra has been measured for three
accumulations to remove the spikes, each with an integration time of 60 seconds
to reduce noise in the raw data. The setup has been automatically saving the
data individually during the scan as ASCII files, which have been analyzed and
matched with the depth profile coming from the Dektak profilometer later.
Figure 3.2: Raw data produced from a single monochromatic Raman setup.
Two Raman spectra with overlapped region to combine them afterwards.
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3.3 Raman Measurement for 2D Mapping
3.3.1 Samples Preparation
In this part, a nano-crystalline silicon sample has been deposited on glass by elec-
tron beam deposition (more details about EBD in [27]), with a thickness of 15µm
and size of 5x5 cm2. A 500 nm SiO2 layer has been deposited on top afterwards
as a capping layer to prevent dewetting of the thin film during the crystallization
process [11].
Since the LPC laser beam is only 1.24 cm in length, the large sample has been
divided into five rectangular areas with a size of 0.80x1.50 cm2 for each, as shown
in figure 3.3. The areas have been demarcated by a fimto-second laser of 1026 nm
wavelength and 500 mW to separate the crystallized silicon region from the amor-
phous silicon region during LPC process, and prevent any effect from having a
transition region between the two areas during the process. The thickness of the
lines is 1 mm so they can be visible during LPC process, hence the start point of
the laser beam can be seen clearly and focused on the sample, so the system is
not damaged by the laser. Finally, the rectangles have been cut by a glass cutting
machine to prevent any effect from each other during the process.
After that, all samples have been mounted inside a high vacuumed chamber simul-
taneously, and annealed by heating them from room temperature to a temperature
of 510 oC for 30 minutes before crystallization. The LPC laser beam has a wave-
length of 808 nm. Different crystallization parameters (e.g.: scan speed and power)
have been used as shown table 3.2 since they are the control parameters for re-
sulting poly-crystalline silicon layers on glass. Finally, the samples have been left
in the chamber to cool down for one day before taking them out.
Table 3.2: Laser LPC Parameters Summary
Sample Number Power P [W] Scan Speed V [ mm/s]
1 45 1
2 55 2
3 65 3
4 75 4
5 85 5
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Figure 3.3: Schematic image of the sample layout. small rectangles with an
area of 0.80x1.50 cm2 for each have been demarcated by a fimto-second laser,
then cut by a glass cutting machine.
3.3.2 Hydrofluoric Acid Etching
In order to remove the contribution from the capping layer and have a better focus
control, wet dip chemical etching has been used to etch the 500 nm capping layer
on top of LPC-Si layer. The etching process has been carried out with hydrofluoric
acid (HF) with a concentration of 10 %. Dipping each sample in HF solution for
13 minutes has been enough to fully remove the 500 nm layer. The etching is done
with the following reaction:
SiO2 + 6 HF −−→ H2 + 2 H2O + H2SiF6
3.3.3 Measuring Raman Spectra
The same blue laser source but with a circular spot of 1µm diameter has been used
in this case, with the double monochromatic Raman setup (discussed in chapter
2) to detect the c-Si peak region only. The measured Raman spectrum shows
the characteristics of vibrational phonon modes of a c-Si structure in the range
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between 219 cm−1 and 692 cm−1, in which TO mode is the only Raman active
mode.
After the sample has been mounted on the microscopic stage, a manual scan has
been done to search for stress as shifts in the c-Si peak away from 520 cm−1. After
finding the position and while preparing for the scan; an optical light, an IR light,
and the blue laser source have been focused on the sample for some time; this step
heats up the sample and shifts c-Si peak away from its position. To prevent this
issue, all light sources have been turned off for one hour to cool the sample down
before turning on only the laser again and starting the scan immediately. This
method has been applied to all measurements in this set of samples.
Since the blue laser has a penetration depth of 0.50µm in case of c-Si structure, it is
good to do the scan twice for each position. Once from surface side, while the other
scan from glass side; to have the trend in stress with depth. In case of scanning
from the surface side, an integration time of 5 seconds and two accumulations for
each point have been used. While in case of scanning from the glass side, the
intensity is lower because of glass; hence the integration time has been increased
to 10 seconds for two accumulations to increase the intensity to have a better
signal to noise ratio. During the scan, the laser spot is fixed while the stage is
automatically moving in x- and y-directions with a dimension of 60x60µm2 and a
spacing of 1µm between points in both directions. Data has been saved manually
in one sif. file at the end of the scan and converted to ASCII files later on.
Chapter 4
MATLAB for Data Analysis and
Calculations
MATLAB software is a powerful and fast tool that uses a high level programming
language for data analysis. Scripts as included in Appendix A are written by
MATLAB software, that automatically imported ASCII files for the analysis. Each
case needed a unique script that had to fit the type of the required data evaluation.
Data correction, analysis, and calculations with MATLAB for the depth profiling
as well as the two dimensional mapping are described in detail in this chapter.
4.1 Raman Measurement for Depth Profiling
4.1.1 Baseline Fitting
Figure 4.1 shows Raman spectrum in the region from 1129 cm−1 to 2396 cm−1,
the baseline of this spectra is not leveled at zero because of noise effect. Hence a
baseline fitting should be done to all spectra by using an external function from
MATH Works as included in Appendix A, in which 10 points are selected along
the baseline and away from the peaks regions. A curve is then generated between
the points by 3rd order interpolation. Finally, the interpolated curve is subtracted
from raw data, to make the baseline at zero level.
For the other spectrum in the region 1129 cm−1 and 1519 cm−1, the value of the
last point on the spectrum is subtracted from raw data then combined to the first
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spectrum to make them one that covers the full range of interest from 86 cm−1 to
2396 cm−1, as shown in figure 4.2.
Figure 4.1: Baseline fitting for a Raman spectrum in the region between
1129 cm−1 and 1519 cm−1, in which 10 points are selected on the base of the
spectrum, then a curve is generated between them. Finally the curve is sub-
tracted from raw data to make the baseline at zero level.
4.1.2 Normalization
As mentioned in the previous chapter, the laser is not in focus the whole time
during the scan with depth; hence the spectra should be normalized according
to the a-Si peak in the TO mode to remove this effect, since this peak does not
change appreciably with depth. [17] Figure 4.2 shows the final corrected spectra
after normalization.
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Figure 4.2: Final spectrum after normalization covers the full range of interest
from 86 cm−1 to 2396 cm−1. The two spectra are corrected, combined, and
normalized with respect to a-Si peak.
4.1.3 Peaks Fitting and Calculations
An external function from MathWorks is used for peaks fitting [28]. The function
used Bootstrap method to generate a model, estimate the standard deviation,
make trails, and take the one with the lowest Root Mean Square Error fit. The
model is generated according to peaks shapes, numbers, and positions. The inte-
grated intensities under peaks are then used for the required evaluation.
Si-Si vibrational phonon modes in the region between 100 cm−1 and 600 cm−1 are
needed to investigate whether PECVD deposited thin layer is micro-crystalline or
amorphous silicon. In case of micro-crystalline materials, TA, LA, and LO are
not active, while a complex TO peak is shifted close to 520 cm−1, as discussed in
chapter 2. Equation 2.6 is then used to quantify the degree of crystallinity within
the structure.
In case of amorphous structure, the four vibrational modes are active. TO and
TA peaks are the only modes needed for investigating MRO and SRO. Ko¨hler [17]
used the following method in his thesis, which has been adopted in this thesis as
well. As shown in figure 4.3, TO mode is an asymmetrical peak, the left side is
broader since it is combined to LO mode. To minimize this influence, only the
MATLAB Analysis 26
right side of the peak is taken from 480 cm−1 to 600 cm−1, and fitted into one
Gaussian peak. The integration under this part is then multiplied by two to give
the total integrated intensity of TO mode, while the function gives FWHM as a
total. To evaluate TA mode, the region between 100 cm−1 and 200 cm−1 is taken.
A second baseline fitting is first needed to level the edge of the peak at zero and
fitted into one Gaussian peak [17]. MRO and SRO are calculated afterwards ac-
cording to equations 2.3 and 2.4, respectively.
Figure 4.3: Rama spectrum for Si-Si vibrational phonon modes region in a-Si
structure. Only the right side of TO mode is taken for calculation, while TA
mode needs second baseline fitting before calculation.
For Si-H vibrational phonon modes, the region between 1990 cm−1 and 2200 cm−1
is needed to investigate hydrogen content and micro-structure parameters. The
complex peak is fitted into two Gaussian peaks with fixed positions, as discussed
in chapter 2. Equation 2.7 is then used to calculate micro-structure parameters.
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4.2 Raman Measurement for 2D Mapping
4.2.1 Data Import
In this case, it is important to convert and separate raw data into individual files,
and export them before any correction or evaluation. Baseline fitting is done in
the same way as the previous section. While for normalization, c-Si peak is used.
4.2.2 Peaks Fitting and Calculations
TO mode is the only Raman active mode in case of crystalline silicon structures.
Raman shift ranging between 510 cm−1 to 530 cm−1 is needed to investigate stress
inside. The mode is fitted into one Lorentzian peak with a variable peak position,
as discussed in chapter 2. Then, equation 2.5 is used to calculate the stress in
MPa. The results are finally plotted in two dimensional maps.
4.2.3 Cracks Identification
In some scan areas where there is a crack, the light is not scattered and collected,
instead only noisy signal is obtained. These points are found and identified by
more filters in MATLAB scripts and set to a non value (NAN), so they are not
included in the calculations afterwards.
Chapter 5
Results and Discussion
The main aim of the present thesis is to develop different Raman spectroscopy
techniques as a helpful characterization method to investigate the properties of
precursor layers deposited by PECVD and crystallized by LPC process, as depth
profiling and 2D mapping. The results from the two different sets of samples
that are scanned with Raman setups and analyzed with MATLAB software are
presented and discussed in detail in this chapter.
5.1 Raman Measurement for Depth Profiling
The analysis and calculations as discussed in section 4.1 are done to all scanned
points on the sidewall for each sample, then matched with the depth profile coming
from the Dektak profilometer. These Raman measurements give more details
about the changes in properties with depth.
5.1.1 Analysis of µc-Si:H
Figures 5.1 illustrates Raman spectra for vibrational phonon modes of the first
sample at different depths, in a range between 100 cm−1 and 600 cm−1. Here, only
one mode appears in the region between 400 cm−1 and 600 cm−1, which can be
fitted into three Gaussian peaks, as described in section 2.4. Hence the sample has
a micro-crystalline silicon structure. The relation between the three peaks gives
the degree of crystallinity. Figure 5.2 illustrates the depth profile of crystallinity,
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in which, the sample has a nearly constant crystallinity of 30 % for the first 600 nm
near the surface, then it decreases gradually from 30 % to 10 % near the substrate.
Figure 5.1: Raman spectra of the µc-Si sample. One mode appears in the
region between 400 cm−1 and 600 cm−1. 100 spectra for 100 points are measured
and analyzed along the sidewall.
Figure 5.2: Depth profile of of crystallinity for µc-Si structure. Crystallinity
is nearly constant near the surface and then decreases gradually from 30 % at
the surface to 10 % near the substrate.
Figure 5.3 illustrates Raman spectra for vibrational phonon modes of Si-H bonds
at different depths, the signal at 2330 cm−1 belongs to N2 (air) detected during the
measurements. In a range between 1900 cm−1 and 2200 cm−1, Si-H peak appears at
2000 cm−1, as well as Si-H2 peak at 2100 cm−1. The relation between the two peaks
gives the micro-structure parameters as in figure 5.4, which illustrates the depth
profile of hydrogen content and micro-structure parameters. Hydrogen content is
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nearly constant with depth except for a few points near the surface. Hence micro-
structure parameters has the same behavior as well, only few points seem to be
different.
Figure 5.3: Raman spectra of Si-H vibrational phonon modes for µc-Si struc-
ture. 100 spectra for 100 points are measured and analyzed along the sidewall.
Figure 5.4: Depth profile of a) hydrogen content b) microstructure parameters.
Both are nearly constant with depth.
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5.1.2 Analysis of a-Si:H Before Annealing
The other two samples show different thermal behaviour after annealing. The first
sample is thermally unstable; only 0.50µm of the material remains on glass. This
sample is called ”unstable sample” in the following discussions. The other sample
is thermally stable, the whole thickness remains unchanged during annealing. This
sample is called ”stable sample”. Therefore a comparison between their properties
before annealing is needed.
Figure 5.5 illustrates Raman spectra of the other two samples before annealing at
different depths, in the range between 100 cm−1 and 600 cm−1. In these spectra,
TO, LO, LA, TA modes appear at 480 cm−1, 390 cm−1, 314 cm−1, and 140 cm−1
respectively. Hence both samples have an amorphous silicon structure. The ratio
between the TO and TA modes gives MRO, while the width of TO mode gives
SRO; as presented in chapter 2. Note that for the stable sample, a very small c-Si
peak at 520 cm−1 appears in the spectra. The c-Si peak means that the sample is
at the edge of µc-Si structure, but it is very small and can not be used to determine
the crystallinity of the sample; hence the sample has an a-Si:H structure.
Figure 5.6 illustrates the depth profiles of structural order in the medium and
short ranges for both stable and unstable samples. For the unstable sample (the
grey colored depth profiles), MRO decreases gradually from 6 r.u. at the surface
to 4 r.u. at mid-depth, then it is nearly constant for the remaining thickness. SRO
is nearly constant with depth. While for the stable sample (the blue colored depth
profiles), MRO is nearly constant for the whole thickness. SRO is also constant
with depth, but with higher quantity than the unstable sample.
Figure 5.7 illustrates Raman spectra of Si-H bonds of both samples. Figure 5.8
and 5.9 show depth profiles of hydrogen content and micro-structure parameters
for both. Hydrogen content and micro-structure parameters are nearly constant
for both samples but with higher quantity for the unstable one.
The two amorphous samples show different structural order properties before an-
nealing, but it is still not yet clear if these are the control parameters for the
thermal behaviour of samples after annealing. More investigation has been done
for both samples after the annealing process in the following section.
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Figure 5.5: a) Raman spectra of the unstable a-Si sample before annealing b)
Raman spectra of the stable a-Si sample before annealing. 120 spectra for 120
points are measured and analyzed along the sidewall of both samples. The four
vibrational modes are Raman active.
Figure 5.6: Depth profile of a) Medium range order b) Short range order for
the a-Si samples before annealing. The grey colored depth profiles belong to
the unstable sample for the mean of the comparison. The blue colored depth
profiles belong to the stable sample. For the unstable sample, MRO decreases
for the 1st half of the thickness then becomes constant for the 2nd half, while it
is nearly constant for the whole thickness for the stable sample. SRO is nearly
constant for both samples but with higher quantity for the stable sample.
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Figure 5.7: a) Raman spectra of Si-H bonds of the unstable a-Si sample
before annealing b) Raman spectra of Si-H bonds of the stable a-Si sample
before annealing. 120 spectra for 120 points are measured and analyzed along
the sidewall for both samples.
Figure 5.8: Depth profile of a) Hydrogen content b) Micro-structure param-
eters for the unstable sample before annealing. Both hydrogen content and
micro-structure parameters are constant with depth, only few points seem to
have different behavior.
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Figure 5.9: Depth profile of a) Hydrogen content b) Micro-structure parame-
ters for the stable sample before annealing. Both hydrogen content and micro-
structure parameters are constant with depth, only few points seem to have
different behavior.
5.1.3 Analysis of a-Si:H After Annealing
After annealing the two amorphous samples, a comparison has been done for each
sample before and after annealing to investigate the influence of annealing on
the structural order and hydrogen diffusion. For the unstable sample, since only
0.50µm remains after annealing, the properties of only the first 0.50µm from the
un-annealed sample is taken for the mean of the comparison. Figure 5.10 indicates
that the four vibrational modes are still visible in the unstable sample after an-
nealing; hence the sample still in the amorphous phase. Figure 5.11 illustrates the
properties of the unstable sample before and after annealing, it is notable from the
depth profiles that the behavior of both MRO and SRO after annealing changes
after annealing. Before annealing, Both MRO and SRO are constant with depth.
After annealing, MRO decreases gradually with depth. SRO is nearly constant for
the first 400 nm but with much higher quantity than before, then decreases for the
last 100 nm. Figures 5.12 and 5.13 indicate that almost all hydrogen diffuses and
barely detected by Si-CCD camera; hence micro-structure parameters can not be
calculated.
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Figure 5.10: Raman spectra of vibrational phonon modes for the unstable
sample after annealing. The four vibrational phonon modes are still Raman
active; hence the sample has an a-Si structure. Only 40 spectra for 40 points
are measured and analyzed along the sidewall.
Figure 5.11: Depth profile of a) Medium range order b) Short range order for
the unstable sample before and after annealing. The grey colored depth profiles
belong to the properties before annealing.The blue colored depth profiles belong
to the properties after annealing. Before annealing, Both MRO and SRO are
constant with depth. After annealing, MRO decreases gradually with depth.
SRO is nearly constant for the first 400 nm but with much higher quantity than
before, then decreases for the last 100 nm.
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Figure 5.12: Raman Spectra for Si-H vibrational phonon modes for the un-
stable sample after annealing. almost all hydrogen diffuses and barely detected
by Si-CCD camera. Only 40 spectra for 40 points are measured and analyzed
along the sidewall.
Figure 5.13: Depth profile of hydrogen content for the unstable after anneal-
ing. The grey colored depth profile belongs to hydrogen content of the same
sample before annealing. Almost all hydrogen diffuses and barely detected by
Si-CCD camera.
For the stable sample, the whole thickness remains unchanged during the annealing
process; hence the whole depth profile of the un-annealed sample is taken for the
comparison. As indicated in figure 5.14, a very small peak is visible at 520 cm−1;
therefore the sample comes to the edge of µc-Si structure with a crystallinity of
0.5 %. TA mode is still Raman active; hence it is still possible to calculate MRO
and SRO as indicated in figure 5.15. MRO is still constant and has similar quantity
as before annealing. SRO is still constant as well, but with slightly higher quantity
than before annealing.
Figures 5.16 and 5.17 indicate that almost all hydrogen diffuses and barely de-
tected with Si-CCD camera; hence micro-structure parameters can not be calcu-
lated. Note that for this sample, the precursor layer has many holes after annealing
because of hydrogen diffusion. This has no influence on LPC process afterwards.
But KOH etching is not successful to create a new crater without neither holes
nor steeps; hence same crater has been taken before and after annealing.
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Figure 5.14: Raman spectra of vibrational phonon modes for the stable sample
after annealing. The sample comes to the edge of a micro-crystalline structure
with a crystallinity of 0.5 % only, TA mode is still Raman active; hence MRO and
SRO can be calculated. 120 spectra for 120 points are measured and analyzed
along the sidewall.
Figure 5.15: Depth profile of a) Medium range order b) Short range order for
the stable sample before and after annealing. The grey colored depth profiles
belong to the properties before annealing. The blue colored depth profiles belong
to the properties after annealing. MRO is still constant and has similar quantity
as before annealing. SRO is still constant as well, but with slightly higher
quantity than before annealing.
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Figure 5.16: Raman spectra for Si-H vibrational phonon modes for the stable
sample after annealing. Almost all hydrogen diffuses and barely detected by
Si-CCD camera. 120 spectra for 120 points are measured and analyzed along
the sidewall.
Figure 5.17: Depth profile of hydrogen content for the stable sample after
annealing. The grey colored depth profile belongs to hydrogen content of the
same sample before annealing. Almost all hydrogen diffuses and barely detected
by Si-CCD camera.
In summary, there is a remarkable difference in the structural order between the
two amorphous samples after annealing. The unstable sample illustrates changes
in the behavior of MRO and SRO after annealing. Bfore annealing, MRO and SRO
are nearly constant with depth. After annealing, MRO decreases gradually with
depth, while SRO is nearly constant but has a much higher quantity than before
annealing for the first 300 nm and then decreases gradually for the last 100 nm.
The stable sample illustrates similar behavior of MRO and SRO after annealing.
MRO and SRO have constant depth profiles before and after annealing. However,
it is still not yet clear if these properties are the control parameters for the thermal
behavior and stability of samples. More investigations should be done in the future,
to prove that this trend is noticed on other samples as well.
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5.2 Raman Measurement for 2D Mapping
After crystallization and with the help of a microscope, all samples have been found
to be fully crystallized with the selected parameters. The difference between them
is the type and density of defects that are presented on glass side as well as in the
material itself. Defects in the precursor layer itself are a reflection of a residual
stress between atoms which could be due to a grain boundary between two grains,
a crack as a relaxation in high tensile stressed areas, or a buckling as a relaxation
in high compressive stressed areas. [18]
The first sample, crystallized with a scan speed of 1 mm/s and power of 45 W is
deformed. The capping layer has been molten into the first micrometer of the LPC-
Si layer, with no cracks neither in glass nor in the material. The second sample,
crystallized with scan speed of 2 mm/s and power of 55 W has two cracks only in
the material and no cracks on the glass side. The last three samples crystallized
with scan speeds of 3, 4, and 5 mm/s and powers of 65, 75, and 85 W, respectively,
have cracks in the glass side as well as in the material itself. The residual stress
in the LPC-Si precursor layers are investigated by Raman spectroscopy.
In all presented 2D maps, c-Si peak position is found in a range between 518 cm−1
and 521 cm−1, which ranged between a tensile stress up to 500 MPa and a compres-
sive stress up to 300 MPa, as bi-axial stress. Two color bars are set for each map
on the right side of each image, the first bar is set for Raman shift in wavenumbers,
while the second is for stress in MPa. The yellow color is the reflection of a stress
free at c-Si peak position of 520 cm−1. The blue color is a reflection of tensile
stress at lower wavenumbers. While the red color is a reflection of compressive
stress at higher wavenumbers. While in microscopic images, bubbles are crys-
talline silicon structure formed during the crystallization process. While straight
lines indicate grain boundaries within the structure. Each 2D map is matched
with its microscopic image from the camera.
5.2.1 Non Stressed Areas
Areas away from any form of defects have been scanned by Raman spectroscopy
to investigate the stress inside them. Figure 5.18 illustrates a scanned area of
60x60µm2. c-Si peak is in a range between 519.8 cm−1 and 520 cm−1; hence a very
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low stress variation is found in these positions ranging between a tensile stress up
to 50 MPa and a compressive stress up to 75 MPa only.
Figure 5.18: a) Microscopic image b) 2D map of Raman shift and stress for
a stress free area. In the microscopic image, bubbles are c-Si structure formed
during crystallization. In the 2D map,c-Si peak is in a range between 519.8 cm−1
and 520 cm−1; hence a very low stress variation is mapped, ranging between a
tensile stress behavior up to 50 MPa and a compressive stress behavior up to
75 MPa only.
5.2.2 Grain Boundaries Areas
A grain boundary forms when two grains with different orientations meet [29]. Fig-
ures 5.19 and 5.20 show boundaries between two different grains. These boundaries
are visible as straight lines in the microscopic images which are correlated to a
c-Si peak position shifting away from 520 cm−1 in a range between 520 cm−1 and
518.5 cm−1 in the 2D maps. Hence tensile stressed behaviour with a value up to
400 MPa is mapped as blue lines.
To investigate the changes in stress with depth around these defects, a grain
boundary has been measured and mapped twice, once from the surface side while
the other from the silicon-glass interface, as indicated in figures 5.21 and 5.22.
From the surface side, c-Si peak position is shifting towards wavenumbers in a
range between 520 cm−1 and 519.5 cm−1. From the glass side, the peak is shifting
towards lower wavenumbers in a range between 520 cm−1 and 518 cm−1. Hence
tensile stress increases with depth from 100 MPa at the surface to a value up to
400 MPa at the silicon-glass interface.
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Figure 5.19: a) Microscopic image b) 2D map of Raman shift and stress for
a grain boundary. In the microscopic image, bubbles are c-Si formed during
crystallization, while the lines indicate grain boundaries and other defects in
the sample. In the 2D map, c-Si peak is shifting towards lower wavenumbers;
hence a tensile stress behavior up to 400 MPa is mapped as blue lines.
Figure 5.20: a) Microscopic image b) 2D map of Raman shift and stress for
a grain boundary. In the microscopic image, bubbles are c-Si formed during
crystallization, while the lines indicate grain boundaries and other defects in
the sample. In the 2D map, c-Si peak is shifting towards lower wavenumbers;
hence a tensile stress behavior up to 400 MPa is mapped as blue lines.
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Figure 5.21: a) Microscopic image b) 2D map of Raman shift and stress for
a grain boundary from surface side. In the microscopic image, bubbles are c-
Si formed during crystallization, while the lines indicate grain boundaries and
other defects in the sample. In the 2D map, c-Si peak is shifting toward lower
wavenumbers in a range between 520 cm−1 and 519.5 cm−1; hence tensile stress
up to 100 MPa is mapped as light blue lines.
Figure 5.22: a) Microscopic image b) 2D map of Raman shift and stress for
a grain boundary from glass side. In the microscopic image, bubbles are c-
Si formed during crystallization, while the lines indicate grain boundaries and
other defects in the sample. In the 2D map, c-Si peak is shifting more toward
lower wavenumbers in a range between 520 cm−1 and 518 cm−1; hence higher
tensile stress up to 400 MPa is mapped as dark blue lines.
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5.2.3 Cracked Areas
When tensile stress is high enough, it relaxes plastically in a form of a crack. The
crack occurs along the grain boundary giving a complex stress distribution, which
varies between compressive on one side of the crack and tensile stresses on the
other side. All cracked samples have cracks with the same shape but with different
number. Higher scan speeds and power during LPC process lead to higher number
of cracks in the sample. Different positions along a crack (middle of the crack as
well as the crack tip) are investigated with Raman spectroscopy as indicated in
figure 5.23. To investigate the changes in stress with depth around these cracks,
some positions are scanned twice, once form the surface side and the other from
the silicon-glass interface.
Figure 5.23: Microscopic image for the selected areas for Raman measure-
ment, in a) and b) middle of a crack c) crack tip
Figure 5.24 illustrates a scanned area of 30x30µm2, in which the c-Si peak position
is ranging between lower wavenumbers up to 518 cm−1 on the right side of the
crack and higher wavenumbers up to 521 cm−1 on the left side. Hence the stress
behavior is different between the two sides of the crack, ranging between a tensile
stress behavior up to 500 MPa on the right side and a compressive stress behavior
up to 250 MPa on the left side. The crack itself is mapped as a NAN value in the
2D maps.
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Figure 5.24: a) Microscopic image of the crack b) 2D map of Raman shift
and stress for a cracked area. In the microscopic image, bubbles are c-Si formed
during crystallization, while the black area indicates the crack in the sample.
In the 2D map, c-Si peak is ranging between 518 cm−1 on the right side and
521 cm−1 on the left side of the crack. Hence the stress behavior is different
on the two sides of the crack, ranging between a tensile stress behavior up to
500 MPa on the right side and a compressive stress behavior up to 250 MPa on
the left side of the crack.
To investigate the changes in stress with depth, figures 5.25 and 5.26 show an area
of 60x60µm2 scanned twice; once from surface side while the other from glass side.
The first map from surface side illustrates a range of c-Si peak position between
519.8 cm−1 and 518 cm−1. A tensile stress behavior is resulted on the two sides of
the crack with a value up to 500 MPa. Going with depth, the second map from
glass side illustrates a wider range of c-Si peak position between 520.5 cm−1 and
518.5 cm−1. A tensile stress behavior up to 400 MPa is resulted on the right side
of the crack. While a compressive stress behavior up to 125 MPa is resulted on
the left side.
Figures 5.27 and 5.28 show the crack tip scanned twice in an area of 60x60µm2.
The first map from surface side illustrates a range of c-Si peak position between
520.8 cm−1 and 519 cm−1. Hence a stress behavior varying between a tensile stress
up to 250 MPa and a compressive stress up to 200 MPa is mapped in the same
position. The crack does not continue with depth as indicated in the second map;
but higher tensile stress is noticed around the scanned area from the glass side
with c-Si peak position up to 519 cm−1 and tensile stress behavior up to 250 MPa.
Apparently this value is lower than the threshold to form a crack. Note that the
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threshold value has not been detected since the crack releases the stress inside the
structure.
In summary, the stress inside c-Si precursor layers crystallized by laser LPC process
can be detected by Raman spectroscopy as a shift in c-Si peak away from 520 cm−1.
Lower wavenumbers indicates a tensile stress behavior while higher wavenumbers
indicate a compressive stress behavior. In case of grain boundaries, tensile stress
behavior is mainly detected and mapped. In case of cracks, stress behavior is
varied between tensile stress on one side of the crack and compressive stress on
the other side.
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Figure 5.25: a) Microscopic image b) 2D map of Raman shift and stress for
a cracked area from the surface side. In microscopic image, bubbles are c-Si
formed during crystallization while the black area indicates the crack. In 2D
map, c-Si peak is ranging between 519.8 cm−1 and 518 cm−1. A tensile stress
behavior up to 500 MPa is mapped on both sides.
Figure 5.26: a) Microscopic image b) 2D map of Raman shift and stress for a
cracked area form glass side. In the microscopic image, bubbles are c-Si formed
during crystallization while the black area indicates the crack. In 2D map, c-Si
peak is ranging between 520.5 cm−1 and 518.5 cm−1. A tensile stress behavior
up to 400 MPa is mapped on the right side of the crack. A compressive stress
behavior up to 125 MPa is mapped on the left side.
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Figure 5.27: a) Microscopic image b) 2D map of Raman shift and stress for
a crack tip form the surface side. In the microscopic image, bubbles are c-
Si formed during crystallization, while the black area indicates the crack. In
the 2D map, c-Si peak position is ranging between 520.8 cm−1 and 519 cm−1.
Hence a stress behavior varying between a tensile stress up to 250 MPa and a
compressive stress up to 200 MPa is mapped in the same position.
Figure 5.28: 2D map of Raman shift and stress for a crack tip form glass
Side. The crack does not continue with depth. In the 2D map, c-Si peak
position reaches a value up to 519 cm−1. Hence a tensile stress behavior up to
250 MPa is mapped.
Chapter 6
Summary and Outlook
The present thesis introduces the possibility of engaging Raman spectroscopy as
a characterization method with MATLAB software as the analysis tool. The
analyzed data has been divided into two main categories; depth profiling as well
as two dimensional mapping. Therefore, the thesis has been divided into these
two categories in each chapter.
In chapter 3, the experimental steps are introduced for both sets. The first set is
composed of three samples deposited on glass by plasma enhanced chemical vapour
deposition with different deposition parameters. The main goal of these samples is
to investigate the influence of deposition parameters (e.g.: silane concentration, rf
power, and pressure) on depositing amorphous or micro-crystalline structures, as
well as hydrogen content and micro-structure parameters. The first samples has
a micro-crystalline structure, while the other two samples have amorphous struc-
tures. Then, the amorphous samples have been annealed from room temperature
to a temperature of 510 oC for 30 minutes. The first amorphous sample shows in-
stability in its thermal behaviour, only 10 % of total thickness has been remained
on glass after annealing, and called ”the unstable sample” in this thesis. While
the other sample has been remained unchanged during annealing, and called ”the
stable sample”. The main goal of this process is to investigate the influence of
annealing on structural order in medium and short ranges and hydrogen diffusion.
Also whether these parameters can be correlated to the thermal behaviour.
Before and after annealing and due to the low penetration depth of the blue
laser on these structures, each sample has been etched by KOH to create a crater
that can be used for measuring Raman spectra with depth. Then, the crater has
48
Summary 49
been measured by Dektak profilometer to have a sidewall that is good for Raman
measurements (e.g.: smooth and without steeps or holes). Afterwards, the edge
of the crater has been marked by a nanosecond laser to find the right orientation
of the sidewall in the Raman microscope again. Finally, the measurements have
been done in the single monochromatic Raman setup, by a blue laser beam of
488 nm wavelength, 200µm length, and 1µm width. Two Raman spectra have
been measured for each point on the sidewall.
The second set is composed of five samples, which have been deposited on glass by
electron beam deposition, then crystallized by liquid phase crystallization with dif-
ferent crystallization parameters. The main goal of these samples is to investigate
the influence of crystallization parameters (e.g.: laser scan speed and power) on
stress in the crystallized layers. Before measuring Raman spectra, HF dip etching
has been needed to remove the capping layer on top of the LPC-Si layer. Finally,
the measurements have been done in the double monochromatic Raman setup,
due to its higher resolution. The same blue laser has been used, but as a spot of
1µm in diameter.
Chapter 4 provides the detailed analysis procedure done by MATLAB software.
The scripts have been modified after each scan according to the shape of Raman
signal and the required evaluation of data. The first set of Raman spectra has
needed a baseline fitting, combination of the two spectra to produce one spectrum
for each scanned point, normalization with respect to a-Si TO mode, and fitting
of each peak according to the default parameters (e.g.: peaks numbers, positions,
and shapes). The integrated intensities of all peaks are then used for calculating
the different properties. Finally, each property has been matched with the depth
profile coming from Dektak profilometer.
The second set of Raman spectra has needed a baseline fitting, normalization with
respect to c-Si peak, then peak fitting into one lorentzian peak with a variable peak
position. Peak position is the only parameter used for stress calculations. Finally,
the stress is exported as 2D maps, then matched with the microscopic images
coming from the microscopic camera.
Chapter 5 presents and discusses the final results that have been exported for
the different samples in both sets. For depth profiling, the first sample has been
found to have a micro-crystalline structure. The sample has a nearly constant
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crystallinity of 30 % for the first 600 nm near the surface, then it decreases gradu-
ally from 30 % to 10 % at the silicon-glass interface. While hydrogen content and
micro-structure parameters are nearly constant with depth.
The two other samples have amorphous structures. For the unstable sample, MRO
decreases gradually from the surface to the mid-depth, then it is nearly constant for
the remaining thickness. SRO is nearly constant with depth. While for the stable
sample, MRO is nearly constant for the whole thickness. SRO is also constant
with depth, but with higher quantity than the unstable sample.
A comparison between depth profiles before and after annealing has been done
afterwards for each sample individually. For the unstable sample before anneal-
ing, both MRO and SRO are constant with depth. While after annealing, MRO
decreases gradually with depth. SRO is nearly constant for the first 400 nm but
with much higher quantity than before, then decreases for the last 100 nm. For the
stable sample, MRO is still constant and has a similar quantity as before anneal-
ing. SRO is still constant as well, but with slightly higher quantity than before
annealing. In both samples, all of hydrogen has been diffused and the remaining
is barely detected by Si-CCD detector.
In summary, Raman spectroscopy is a useful method to investigate crystallinity,
structural order, hydrogen content, and micro-structure parameters in PECVD
deposited precursors; hence gives a better understanding about the changes in
these properties with depth. Although remarkable differences in structural order
and micro-structure parameters have been noticed during the comparison, it is not
yet clear if these are the control parameters for the thermal stability of the samples.
However, deposition parameters of the last sample (SiH4 flow rate of 6 sccm, H2
flow rate of 12 sccm, pressure of 1 mbar, rf power of 25 W, and heater temperature
of 450 oC) have been taken as the standard for next PECVD depositions, since
they deposit an a-Si structure, that is thermally stable after annealing among all
samples.
For 2D mapping, all crystallization parameters lead to successful transformation
of nano-crystalline thin layers to a poly-crystalline structure. The first sample has
been deformed; the capping layer has molten inside the first micrometer of the
material, with no crack neither in material nor in glass. The second sample has
cracks in the material only, while no cracks from glass side. The last three samples
have cracks from both sides, with different number of cracks (higher laser scan
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speed and power lead to higher number of cracks). Moreover, grain boundaries
have been found to be increasing with increasing these parameters as well. One
2D map has been taken in a free of stress area, where peak position is found to
be close to 520 cm−1; hence no stress inside. Three 2D maps have been taken
in grain boundaries, where peak position has been shifted to wavenumbers lower
than 520 cm−1.
All cracked samples have the same crack shape in the material itself. Two 2D
maps have been taken in the middle of a crack, where tensile stress behavior is
mapped on one side of the crack and compressive stress behavior is mapped on the
other side. The last 2D maps have been taken at a crack tip. These maps show
that the crack starts at the surface but does not continue with depth. A tensile
stress behavior is noticed at the surface around the crack. More tensile stress is
mapped near the glass. This tensile stress does not reach its threshold value to
form the crack yet. The threshold values has not been not detected since the crack
releases the stress.
In summary, Raman spectroscopy is a useful method to investigate the stress inside
c-Si precursor layers crystallized by laser LPC for better understanding of the
process. The stress inside c-Si precursors can be detected by Raman spectroscopy
as a shift in c-Si TO mode away from 520 cm−1. Lower wavenumbers indicate
a tensile stress behavior while higher wavenumbers indicate a compressive stress
behavior. In case of grain boundaries, tensile stress behavior is mainly detected
and mapped. In case of cracks, stress behavior is varied between tensile stress on
one side of the crack and compressive stress on the other side. LPC parameters of
the first sample (red laser beam of 808 nm wavelength, substrate temperature of
510 oC, laser speed of 1 mm/s, and power of 45 W) have been taken as the standard
for next LPC processes, since they produce a non-cracked layer with the minimum
number of grain boundaries among all samples.
As illustrated in figure 6.1, more process need to be investigated before the fabri-
cation of the solar cell for the industrial field. The crystallized silicon thin layer
will be used as the absorber in the investigation of hetrojunction solar cells fabri-
cation. Another approach is to increase the thickness of the precursor, to increase
the efficiency and open circuit voltage.
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Figure 6.1: Process sequence of silicon thin film based solar cell fabrication.
Appendix A
An Appendix
A.1 baseline Fitting
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A.2 baseline Fitting
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A.3 Example of Depth Profiling
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A.4 Example of 2D mapping
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